Transient cerebral ischemia results in selec tive neuronal cell death. The mechanisms underlying this selective vulnerability to ischemia are only beginning to be elucidated. We studied the effect of ischemia on a)-adrenergic receptor binding by measuring eH]prazosin binding in gerbil forebrain membranes after 10 min of bilateral carotid occlusion. Binding was reduced from 62 ± 3 to 33 ± 4 fmoUmg protein. Binding in the same membranes to i3 2 -adrenergic receptors were also decreased, but not to the extent of that to a)-adrenergic receptors. Binding to muscarinic cholinergic (eH]quinuclydil benzilate) and i3)-adrenergic receptors were only slightly depressed. Surprisingly, the protein content was significantly increased in the membrane frac-Transient cerebral ischemia occurs when circula tion to the brain is interrupted and restored. Tran sient ischemia results in profound disturbances in cellular function, energy metabolism, and fluid compartmentalization, but produces little tissue ne crosis when circulation is restored within a few min utes of interruption. Despite the lack of tissue ne crosis, brief transient ischemia starts a chain of events that eventually leads to selective neuronal damage in vulnerable brain regions (Smith et aI., 1984; Yamamoto et aI., 1986; Yanagihara et aI., 1985).
Summary: Transient cerebral ischemia results in selec tive neuronal cell death. The mechanisms underlying this selective vulnerability to ischemia are only beginning to be elucidated. We studied the effect of ischemia on a)-adrenergic receptor binding by measuring eH]prazosin binding in gerbil forebrain membranes after 10 min of bilateral carotid occlusion. Binding was reduced from 62 ± 3 to 33 ± 4 fmoUmg protein. Binding in the same membranes to i3 2 -adrenergic receptors were also decreased, but not to the extent of that to a)-adrenergic receptors. Binding to muscarinic cholinergic (eH]quinuclydil benzilate) and i3)-adrenergic receptors were only slightly depressed. Surprisingly, the protein content was significantly increased in the membrane frac-Transient cerebral ischemia occurs when circula tion to the brain is interrupted and restored. Tran sient ischemia results in profound disturbances in cellular function, energy metabolism, and fluid compartmentalization, but produces little tissue ne crosis when circulation is restored within a few min utes of interruption. Despite the lack of tissue ne crosis, brief transient ischemia starts a chain of events that eventually leads to selective neuronal damage in vulnerable brain regions (Smith et aI., 1984; Yamamoto et aI., 1986; Yanagihara et aI., 1985) .
One well-characterized consequence of even brief cerebral ischemia is membrane phospholipid tion studied from ischemic forebrain (68 ± 4 mg/g wet weight) compared with sham operated controls (57 ± 4). The dramatic decrease in acadrenergic receptor binding during ischemia is consistent with receptor binding stud ies of membranes pretreated with phospholipase A 2 in vitro. It is not clear what effect this change in acadrenergic receptor binding has on subsequent selec tive neuronal death. The recent demonstration that cate cholamines and locus ceruleus neurons influence the loss of CAl neurons in the hippocampus suggests that it may play an important modulatory role. Key Words: Recep tors, a-adrenergic-Receptors, i3-adrenergic-Ischemia, cerebral-Ischemia, transient global-Gerbil.
hydrolysis (Bazan et aI., 1981; Yoshida et aI., 1980) from activation of the enzyme, phospholipase A 2 (Edgar et aI., 1982) . Two major effects of phospho lipase A2 activation are the liberation of arachidonic acid leading eventually to prostaglandin formation and the change in membrane fluidity affecting many membrane proteins.
The present studies were stimulated by reports that ai-adrenergic membrane receptors appeared to be selectively sensitive to phospholipase A2 activa tion in vitro (Cohen et aI., 1985) . Because stimula tion of aradrenergic receptors results in increases in intracellular Ca 2 + (Brown et aI., 1984) , this re ceptor change could play a role in modulating some of the effects of brief ischemia. We wished to test the hypothesis that transient ischemia might have an effect on aradrenergic re ceptors. Accordingly we produced transient isch emia in Mongolian gerbils by a to-min occlusion of both carotid arteries and studied the effect of this treatment on aradrenergic receptors.
MATERIALS AND METHODS

Chemicals
[3H]Prazosin (20.2 Ci/mM) , [3H]quinuclydil benzilate (QNB, 33.2 CilrnM), and [1 2 51]NaI (2,200 CilmM) were obtained from New England Nuclear Co. (Boston, MA, U.S.A.). (±)Cyanopindolol (CYP) was iodinated by using chloramine T (Engel and Hoyer, 1981) . Phentolamine was a gift from Ciba-Geigy Co. (Summit, NJ, U.S.A.). (± )Propranolol and atropine sulfate were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.). All other chemicals were of the highest purity commercially obtain able.
Animal treatment
Sixty-four male Mongolian gerbils weighing 55-70 g (Tumblebrook Farms, Inc., West Brookfield, MA, U.S.A.) were used in this study. The animals had free access to food and water in a ventilated room with a 12-h light-dark cycle.
After induction with 2-3% halothane in a nitrous oxidel oxygen mixture (70%130%), the anesthetic level neces sary for surgery was maintained by 0.5-1% halothane with the same gas mixture administered with a nose cone. Rectal temperatures were monitored and maintained at 37 ± O.5°C. Both common carotid arteries were exposed in the paratracheal region of the neck and were simulta neously occluded with two small hemostatic clips on each side (George Tieman and Co., Long Island City, NY, U.S.A.) for either 5 or 10 min. The animals were then immediately killed by decapitation. The forebrain without the olfactory tubercles was rapidly dissected free and was frozen on powdered dry ice.
In one experiment, animals were allowed to recover after 10 min of occlusion. The hemostatic clips were re leased and reflow in the carotids was confirmed by direct visual inspection. The wound was then closed and the anesthesia was stopped. These reflowed animals ap peared drowsy without motor abnormality. They were killed by decapitation under 0.5-1 % halothane anesthesia with the same mixed gas as above 1 h after the cessation of ischemia. Sham operated control animals were pre pared and anesthetized in the same manner as the animals undergoing 10 min of bilateral carotid occlusion except that the hemostatic clips were not applied.
Radioligand binding
Membranes were prepared from frozen forebrains by homogenization in 10 vol of a 10 mM Tris-HCI buffer, pH 7.4. The homogenates were centrifuged at 4°C for 15 min at 12,000 g in a Sorval RC-5 refrigerated centrifu � e with a SM-24 rotor. The resultant supernatant was dIscarded and the pellet was resuspended in 10 volumes of fresh buffer. The suspension was recentrifuged as before for 10 minutes and the supernatant again discarded. The final pellet was resuspended in 10 vol of 50 mM Tris-HCI buffer and used directly in binding assays. In experiments with [3H]QNB binding, this membrane suspension was diluted fivefold with 50 mM NaHP04-KH 2 P04 buffer, pH 7.4. In experiments with e 2 51]CYP binding, the binding membrane was resuspended in 10 vol of 20 mM Tris-HCI buffer containing 10 mM MgCI 2 , 280 mM phentolamine, and 250 mM sucrose, pH 7.6. eH]Prazosin binding was carried out at 24°C for 30 min in a final volume of 300 ,... . 1 composed of membrane sus pension and [3H]prazosin in 50 mM Tris buffer. Nonspe-cific binding was estimated by performing the incubations in the presence of 10 -5 M phentolamine and was always less than 30% of total binding. eH]QNB binding was car ried out at 37°C for 60 min in a volume of 200 ,... . 1 composed of membranes and [3H]QNB in 50 mM NaKP04 buffer. Nonspecific binding was estimated in parallel incubations containing 10-6 M atropine and was less than 5% of non specific binding. e 2 5I]CYP binding was carried out at 24°C for 2.5 h in a final volume of 300 ,... . 1 composed of membrane suspension, 0.01 nM e 2 5I]CYP, and drugs. Three parallel incubations were carried out. In one, 50 nM of ICI-118,551, a selective 13 2 -adrenergic antagonist, was added; in the others either 70 nM of ICI-89,406, a selective 13 1 antagonist, or 10-6 M (±)propranolol was added. Binding to I3I-adrenergic receptors was estimated from the difference in binding between the incubations with ICI-118,551 and propranolol, and 13 2 binding was es timated from the difference between the incubations con taining ICI-89,406 and propranolol. Nonspecific binding was less than 15% of total binding. The concentration of agents used to estimate nonspecific binding was chosen after study of a full range of concentrations of each. In the case of the phentolamine used for aI-adrenergic recep tors, 10-5 M displaced as much binding as 10-4 M and was equivalent to the displacement elicited by 10-3 M norepinephrine. In the case of the l3-adrenergic receptors, the concentrations of the ICI-1l8,551 and ICI-89,406 were chosen to displace greater than 85% of the binding due to the subtype of interest without displacing more than 8% of the other subtype. All assays were stopped by adding 5 ml of ice-cold buffer to the incubation and rapidly pouring it over What man GFIC filters under vacuum. The filters were then rapidly washed twice with 5 ml of iced buffer. The filters were placed in scintillation vials and liquid scintillation fluid [27 g % of 2,5-diphenyloxazole, 6.7 mg % p-bis [2-(5-phenyloxazolyl)]-benzene and 30% octoxynol (Tri ton X-l00) in toluene] was added. The vials were counted with a Packard Tri-Carb liquid scintillation counter (Downer's Grove, IL., U.S.A.) with a 48% efficiency for tritium and 60% for 1 2 51. Every determination of binding was performed in triplicate. Protein was determined by the method of Lowry et al. (1951) .
Statistical evaluation
Statistical differences were calculated from either anal ysis of variance or repeated measures analysis of variance when more than one radioligand was used. Individual dif ferences were then estimated using a Duncan's multi range statistic. The initial experiment comparing mem branes from ischemic and sham-operated animals was an alyzed with a Student's t test. These statistics were calculated using the Statistical Analysis System (SAS In stitute, Raleigh, NC, U.S.A.). The comparison of binding isotherms between membranes from ischemic and sham operated controls, the dissociation constants (Kd) and the receptor densities (Bmax) were estimated from a standard nonlinear regression analysis program (LIGAND, Elsevier software, Cambridge, U.K.).
RESULTS
Ischemic changes in [ 3 H]prazosin binding
Gerbil forebrain ucadrenergic membrane recep tors were significantly affected by 10 min of bilat-eral carotid occlusion. Forebrain homogenates from ischemic gerbils incubated with 1.7 nM eH]prazosin bound 32.8 ± 3.6 fmoles/mg protein whereas homogenates from sham-operated animals bound 62 ± 2.7 ( Fig. O . There was no difference in [3H]prazosin binding to forebrain membranes be tween those prepared from sham-operated animals and those prepared from decapitated controls (data not shown). To determine whether this change in [3H]prazosin binding represented a decrease in the number of binding sites or a change in the affinity of binding sites for radioligand, binding was studied at five different concentrations of eH]prazosin and membrane homogenates pooled from three animals after either 10 min of bilateral carotid occlusion or 10 min of sham surgery. eH]Prazosin bound to membranes from both groups of animals in a satu rable manner, displaying a Kd of 1.7 oM in both sham-operated and ischemic animals (Fig. 2) . The number of eH]prazosin binding sites was reduced from 117.7 ± 0.2 fmoles/mg protein in the sham operated to 57.0 ± 0.1 in the ischemic animals.
Membrane binding of other radioligands
To determine whether the change in prazosin binding reflected a general alteration in ischemic membrane protein or a specific change in ucadrenergic receptors, the binding of eH]prazosin was compared with the binding of a muscarinic cholinergic radioligand, [3H]QNB , and a l3-adrenergic receptor radioligand, e 2 5I]CYP, in the same membranes prepared from animals after either bilateral carotid occlusion or sham operation. Dur ing this experiment, it was noticed that the amount of protein sedimenting in the membrane preparation from ischemic animals was slightly greater than the protein in membranes from the sham-operated ani mals (Table O . Traditionally, measurements of receptor densi ties in membrane preparations are expressed as the numbers of binding sites per milligram protein.
When binding was expressed in this manner, ucadrenergic membrane receptor binding in isch emic animals incubated with 0.3 oM [3H]prazosin was reduced by 44% (Table O . By contrast, mus carinic receptor binding in the same membranes in cubated with 0.04 oM eHlQNB was reduced 17%, 131-adrenergic receptor binding by 24%, and 13 2 -adrenergic receptor binding by 33%.
Receptor densities in these experiments were measured in washed membrane preparations from whole forebrain homogenates. When the binding was expressed as binding sites in membranes per gram wet weight brain, only the decreases in Ul and 13 2 -adrenergic receptors were statistically signifi cant (p < 0.02; repeated measures analysis of vari ance followed by a Duncan range statistic), where as the changes in protein, muscarinic, and 131-adrenergic receptors were not.
Time course of changes during ischemia and early reflow
In another experiment, animals studied after 5 or 10 min of bilateral carotid occlusion or after 10 min of occlusion followed by 1 h of reflow were com pared with anesthetized controls subjected to 10 min of sham occlusion. Although the density of eH]prazosin binding sites was decreased in animals after 5 min of occlusion compared with the controls, the difference was not statistically significant (Fig.  3) . After 10 min of occlusion, the density of eH]prazosin binding sites was 40% of the sham operated controls, in good agreement with the pre vious experiments. After 10 min of occlusion and 1 h of reflow, the decrease in eH]prazosin binding sites remained decreased to 40% of the sham operated controls.
In the same animals there were changes in the protein sedimenting in membrane preparations. Membrane protein content was not different from controls after 5 min of occlusion, but was 12% QNB, quinuc1ydil benzilate; CYP, (±)cyanopindolol. Binding was measured as described in Methods and Results. The data are expressed as densities of binding sites in the forebrain membrane preparation per gram wet weight of forebrain (total membrane binding) or as densities of binding sites per milligram membrane protein (specific membrane binding). Values represent the means and SEMs for the number of animals given (n). *Indicates statistically significant differences for both total membrane binding and specific membrane binding between sham and ischemia (p < 0.02; repeated measures analysis of variance followed by Duncan's range statistic).
higher after 10 min of ischemia and 34% higher after 10 min of occlusion and 1 h of retlow (Fig. 4) . The changes in eH]prazosin binding sites and mem brane protein with time were statistically significant (p < 0.01 and p < 0.05, respectively; repeated mea sures analysis of variance).
DISCUSSION
The amount of eH]prazosin bound to membranes prepared from gerbil forebrain homogenates was significantly decreased by 10 min of bilateral com mon carotid artery occlusion. This change in ai-adrenergic membrane receptor density was greater than decreases measured in 131 and musca rinic receptor binding in the same membranes. This rapid decrease in binding could not be accounted for by the small, unexpected change in the amount to either 5 (n = 5) or 10 (n = 12) min of bilateral carotid occlusion, 10 min occlusion plus reflow for 1 h (n = 7), or sham occlusion (n = 21). Each bar represents the mean ± SEM of specific binding to homogenates from the groups indicated on the abcissa (**p < 0.01, analysis of variance followed by Duncan's multi range statistic). The concentra tion of [3Hjprazosin in this experiment was 0.34 nM. of protein sedimenting with the membrane prepara tions. The decrease in 132 receptor binding was slightly more than that for 131 and muscarinic bind ing and reached statistical significance. This de crease in 132-adrenergic binding was also unex pected. Although its significance is unclear, it may deserve further study.
The changes we observed in acadrenergic recep tors were of greater magnitude than previous stud ies of A-I adenosine (Lee et aI., 1986) , -y-aminobutyric acid (Onodera et aI., 1987) , and benzodiazepine (Onodera et aI., 1987) receptors.
Only an in vitro autoradiographic study (Wester berg et aI., 1987) of hippocampal glutamate recep tors found a decrease in quisqualate binding-site densities of the magnitude reported here. In that study the change was short-lived, being present only 5 min after the circulation was restored.
Thus, the central finding in these experiments is that the decrease in acadrenergic receptors associ ated with brief cerebral ischemia appears to be out of proportion and longer lasting than reported changes in other radioligand binding sites. We have not yet characterized the time course of these changes beyond 1 h after reflow, their regional dis tribution, or whether al-adrenergically mediated re sponses reflect these receptor-binding changes. However, in our view, this observation is consis tent with the hypothesis that activation of phospho lipase A 2 might lead to a selective loss of acadrenergic membrane receptors.
The unexpected finding of an increase in mem brane protein after transient ischemia is of interest. It should be noted that protein was measured in the sedimented membrane pellet from brain homoge nates. Thus, rather than an increase in brain pro tein, the increase probably represents a change in brain sedimentation characteristics after homogeni zation. It could represent an increase in "heavy ribosomes" or membrane clumping from a change in membrane characteristics. The change was just statistically significant after 10 min of ischemia, but was of greater magnitude after 1 h of reflow. Al though the meaning of this finding is not clear, it may prove of importance with further study.
The effects of transient ischemia are complex and other molecular events could be responsible for the changes we observed. For example, 10 min of ca rotid occlusion might be enough to produce tissue necrosis. However, routine histological examina tion of our animals after occlusion showed no evi dence of necrosis, in agreement with others (Kirino, 1982; Kirino and Sano, 1984) . Another mechanism associated with cerebral ischemia and reperfusion injury is the production of oxygen free radicals (Yoshida et aI., 1980) . The fact that changes in acadrenergic binding were observed immediately after ischemia suggests that lipid or protein perox idation during recirculation is an unlikely mecha nism for explaining our observations. Norepineph rine release produces downregulation of adrenergic receptors in vitro (Davis et aI., 1980; Stadel et aI., 1983) and norepinephrine is probably released dur ing ischemia (Matsumoto et aI., 1984; Robinson et aI., 1980) . Thus, we cannot exclude the possibility that norepinephrine release produced the acadrenergic receptor changes. Finally, glutamate release is known to occur during ischemia and may result in increases in intracellular Ca 2 + through in teraction with N-Methyl-o-Aspartate (NMDA) re ceptors. The changes in intracellular Ca 2+ could also be responsible for the changes we observed.
The biological significance of the changes in acadrenergic receptors remains to be elucidated. It is intriguing to speculate that acadrenergic recep tors might play a role in the delayed neuronal death seen after transient global ischemia. Current hy potheses about the mechanism of delayed neuronal death center on increased excitability of neurons in brain regions such as CAl in the hippocampus (Su zuki et aI., 1985) . One possible cause of the hyper excitability is release of the excitatory neurotrans mitter, glutamate (Westerberg et aI., 1987; Wieloch, 1985) .
Catecholamines clearly influence delayed neuro nal death. Locus ceruleus lesions appear to aggra vate neuronal death whereas catecholamine infu sions may attenuate it (Blomqvist et aI., 1985; Koide et aI., 1986) . In the awake, unanesthetized rat, locus ceruleus stimulation reproducibly slowed spontaneous firing of units recorded from CAl and from a few units in CA3 (Segal and Bloom, 1976) . Norepinephrine applied to hippocampal slice prep arations has variable effects, tending to facilitate evoked responses by �-adrenergic mechanisms and slow firing by a-adrenergic mechanisms (Mueller et aI., 1981) , possibly using the al receptor subtype (Mynlieff and Dunwiddie, 1986) . It is not known how norepinephrine has its effect on pyramidal cell firing. It could act on interneurons, directly on py ramidal cells, or on axons of other afferents in the hippocampus.
Although the biological significances of the changes seen in al-and � 2 -adrenergic receptors af ter ischemia are not yet established, it seems im portant to pursue their study. The changes in acadrenergic receptors may be an important link in delayed neuronal death and thus open the possibil ity of using adrenergic drugs in the prevention of this unfortunate consequence of ischemia. If they prove a biochemical marker of ischemia, this under standing may lead to reductions in the pathological sequelae of stroke and head injury.
